ABSTRACT: Trifluorinated germanium anions attracted attention of theoretical chemists already in the late 1990s to predict their physical and chemical properties. However these species were not synthesized in the laboratory, although substantial evidence for their existence was obtained from the mass spectrometry of GeF 4 . The present study shows that controlled fluorination of LMNMe 2 (L = PhC(N t Bu) 2 , M = Ge, Sn) using HF· pyridine in toluene leads to the formation of [LH 2 ] + [MF 3 ] − under elimination of HNMe 2 . The products contain the trifluorinated Ge(II) and Sn(II) anionic species which are stabilized by interionic H···F bonds. The new compounds were characterized by single crystal X-ray structural analysis, NMR spectroscopy, and elemental analysis.
O ne of the widely studied class of compounds in chemistry consists of silylenes, germylenes, and stanylenes which are in fact heavier carbene analogues of silicon, germanium, and tin, respectively. Silicon, germanium, and tin centers in these compounds exhibit an oxidation state of +2. A number of room temperature stable silylenes, 1a−g germylenes, 1h,i−n and stanylenes 1i,o are known, and the advent of these compounds opened a fertile research field of group 14 chemistry. Much effort has been devoted to the synthesis of compounds with low-valent centers bearing hydrides, hydroxyl groups, or halides. Among them the fluorides of group 14 elements are important due to their synthetic utility in the laboratory as well as in industry. 2 In the literature, the known group 14 fluoro compounds are preferentially in the +4 oxidation state. Only a few examples of organo germanium(II) and tin(II) fluorides are known. 3, 4 In two recent communications we reported on the synthesis of lead(II)monofluoride 5 from dimethylamino lead(II) and tin-(II)monofluoride 4d from dimethylamino tin(II) using pentafluoropyridine as a fluorinating reagent. A similar reaction using diisopropylamino germanium(II) however led to the oxidative addition of a C−F bond of pentafluoropyridine at the Ge(II) center. 4d In this respect our continuous interest in the chemistry of fluorides of low-valent group 14 elements prompted us to utilize dimethyl amino Ge(II) and Sn(II) compounds to access the trifluorinated anions of these elements in the +2 oxidation state.
The behavior of different coordinate germanium fluorides has been experimentally and theoretically studied by many chemists. The broad interest in such compounds is mainly due to their utility in the fine processing of semiconductors. Even though the structure of GeF 3 is still unknown, geometries of GeF, GeF 2 , and GeF 4 in their ground states have been studied by experimental methods. 6 However, the experimental data revealing the properties or structures of GeF n − species are scarce in the literature even though such ions had been detected in the mass spectrum of GeF 4 already in 1972. 7 In this context, theoretical chemists were interested in finding the optimized structures of such monoanionic species since 1990s. + species, the cation of 3 (4). The 3 equiv of fluoride ions react with the M(II) center (M = Ge, Sn) to form the MF 3 − species, the anion of 3 (4). (Scheme 1).
Single crystals of 3 and 4 suitable for X-ray diffraction were obtained from their toluene solutions. Compound 3 crystallizes in the orthorhombic space group P2 1 2 1 2 1 . The molecular structure of 3 shows that GeF 3 has a trigonal pyramidal structure with the F atoms at the base and Ge atom at the apex ( Figure 1 ). Two of the three F atoms of GeF 3 − interact with the H atoms of the NH groups present in the cationic part. The average F−Ge−F bond angle is 90.49°which is significantly smaller than the standard tetrahedral angle (109°28′), and this is attributed to the large repulsion experienced by the Ge−F bond pairs from the lone pair present in the germanium atom. Moreover, the H···F interactions associated with two fluorine atoms also play a significant role in the size of the bond angle. The F−Ge−F bond angle (av 90.49°) experimentally found in the present study is close to the corresponding value predicted at different levels of theory (95.1°BHLYP, 95.7°B3LYP, 96.2°B P86, 96.4°BLYP) by Schaefer et al. 8 The average Ge−F bond distance is 1.807 Å. The C−N bond distances are 1.325(3) and 1.322(3) Å which lie in between single-and double-bond distances, indicating the delocalization of the positive charge between the two nitrogen atoms.
Compound 4 crystallizes in the monoclinic space group P2 1 / c. 4 is not isostructural with 3 as the former shows a dimeric arrangement in the crystal structure (Figure 2 In summary, we have prepared hydrocarbon soluble compounds containing the GeF 3 − and SnF 3 − species. While the former shows a monomeric structure, the latter exists as a dimer [(SnF 3 ) − ] 2 . Weak hydrogen bonds exist between the two fluorine atoms of each MF 3 − anion and the NH protons of the cationic part. Compound 3 represents the first oganometallic compound containing a GeF 3 − moiety. Syntheses were carried out under inert gas atmosphere of dinitrogen in oven-dried glassware using standard Schlenk techniques. Other manipulations were accomplished in a dinitrogen filled glovebox. Solvents were purified by MBRAUN solvent purification system MB SPS-800. All chemicals were purchased from Aldrich and used without further purification. Compounds 1 and 2 were prepared as reported in the literature.
4d 1 H, 19 F, and 119 Sn NMR spectra in solution were recorded with a Bruker Avance DPX 200 or a Bruker Avance DRX 300 spectrometer, using THF-d 8 as solvent. Elemental analyses were carried out in the Analytische Labor der Anorganischen Chemie der Universitaẗ Goẗtingen.
To a cooled (−78°C) solution of 1 (500 mg, 1.44 mmol), HF·pyridine (0.11 mL, 4.31 mmol, 70% HF) was added very slowly, and the stirring was continued for 30 min while allowing the temperature to rise gradually. After reaching 0°C, the solution was subjected to vacuum for a few minutes to remove any amount of unreacted HF, and the solution was warmed to room temperature. Followed by filtration, the solution was partially evaporated and kept at −5°C to yield 3 as a crystalline compound which was separated by decanting the solvent. Storing a solution of 3 in toluene at 0°C afforded colorless crystals suitable for X-ray diffraction. To a cooled (−78°C) solution of 2 (500 mg, 1.27 mmol), HF·pyridine (0.10 mL, 3.81 mmol, 70% HF) was added very slowly, and the stirring was continued for 30 min while allowing the temperature to rise slowly. After reaching 0°C, the solution was subjected to vacuum for a few minutes to remove any amount of unreacted HF, and the solution was warmed to room temperature. Followed by filtration, the solution was stored at −5°C to afford 4 as a colorless crystalline product which was separated by decantation. Storing a saturated solution of 4 in toluene at 0°C afforded single crystals suitable for X-ray diffraction. Molecular structures of compounds 3 and 4 were established by single-crystal X-ray crystallographic studies. X-ray intensity data sets for 3 were collected on a Bruker D8 goniometer with Apex2 detector and an Incoatec Mo microsource with mirror optics. Data reduction was carried out with SAINT. 13 Data for 4 were collected at beamline P11 of the new PETRA-III storage ring at DESY in Hamburg. The crystallography endstation at P11 is equipped with a high-precision one-axis goniometer and Pilatus 6 M single photon counting detector. The beam size was adjusted to 200 μm. Data were collected at a temperature of 120 K and an X-ray energy of 20 keV (λ = 0.6199 Å). In total 540 frames were collected in rotation increments of 0.5°and an exposure time of 0.25 s per frame. Data were processed using the XDS program package.
14 Intensity data for both compounds were corrected for absorption and scaled with SADABS. 15 Structures were solved by direct methods and refined by full-matrix least-squares methods on F 2 with the program SHELXL-2013, 16 utilizing anisotropic displacement parameters for nonhydrogen atoms. Visualization and modeling was done using SHELXLE. 17 ■ ASSOCIATED CONTENT for providing alternative X-ray data for compound 3 and for helpful discussions. We thank Dr. M. John for fruitful suggestions and discussions on NMR spectroscopy.
